Introduction
============

In chronic myeloid leukemia (CML), treatment with tyrosine kinase inhibitors (TKI) directed at the pathogenetic structure, the abnormal BCR-ABL fusion tyrosine kinase, can achieve durable cytogenetic and molecular remissions (MRs) and substantially improve survival in the majority of patients.^[@bib1],\ [@bib2]^ There is reasonable expectation not only of improving survival further but of curing the disease since a high percentage of patients reach deep molecular response.^[@bib3],\ [@bib4]^ The most recent recommendations of the National Comprehensive Cancer Network (NCCN) and the European LeukemiaNet (ELN) for CML propose continuation of TKI treatment indefinitely in all responding patients.^[@bib5],\ [@bib6]^ Current drawbacks of lifelong treatment include expected and unexpected side-effects, impairment of quality of life (QoL) for many patients^[@bib7]^ and the price of the drugs.

Recent studies have demonstrated a considerable proportion of patients suffering from TKI side effects^[@bib7]^ and previous unknown toxicities.^[@bib8],\ [@bib9],\ [@bib10]^ Adverse drug reactions such as arterial hypertension, pleural effusion and vascular events were unexpected and reported after approval of the TKI. For imatinib, the first TKI employed in CML, an association has been established between treatment and side effects that impair QoL especially in younger patients.^[@bib7],\ [@bib11],\ [@bib12]^ For newer TKIs, data on QoL are scarce.^[@bib13]^

Improved survival rates in CML lead to increasing prevalence of the disease. With more than 400 000 CML patients expected in Europe by the year 2050, CML is set to become an important chronic non-communicable disease. The cost of treatment per patient is currently estimated at \~30 000--40 000€ per year in most European countries. In view of recommended lifelong treatment,^[@bib6]^ this represents a significant burden on health care systems,^[@bib14]^ even though costs are expected to decline when generic imatinib becomes available in most countries.

Stopping TKI treatment in a substantial percentage of patients would be an innovative and, importantly, a cost-effective way to optimize available therapy concepts. Several studies have shown that \~40% of patients in stable deep molecular response stay in treatment-free remission (TFR) after stopping first-line treatment. In general, after molecular relapse, patients remain sensitive to a TKI and regain molecular response.

However, definitions of molecular response have changed over time. The actual definitions differentiate several categories of MR^[@bib15],\ [@bib16]^ according to the level of detectable BCR-ABL transcripts and the sensitivity of the individual assay which was not the case when the first discontinuation studies were initiated.

This review aims to provide an overview of current data, to critically discuss results of hitherto published studies and the remaining open questions, and finally to provide an outlook on next steps and future perspectives.

CML stop-therapy attempts
=========================

Even before the advent of TKI in CML therapy, successful discontinuation of interferon-alpha (IFN) treatment in complete cytogenetic remission had been described.^[@bib17]^ During this era, quantitative reverse transcription (qRT)-PCR techniques were not available or cumbersome and not standardized for the sensitivity of the individual test. However, a minority of patients discontinued IFN-alpha therapy and remained in remission.^[@bib18]^

Promising results from case reports and small studies under TKI treatment^[@bib19],\ [@bib20],\ [@bib21]^ encouraged the launch of stopping trials. In a pilot study,^[@bib22]^ out of 12 patients with CML who discontinued imatinib, 6 maintained complete molecular response (CMR) for at least 2 years. In that study and at that time, CMR was defined by undetectable BCR-ABL transcripts; the sensitivity of the PCR assay was retrospectively defined between 4.5 and 5log. After a median follow-up of 18 months, 50% of patients remained off therapy without confirmed reappearance of BCR-ABL transcripts in peripheral blood. Updated results confirmed that 50% of patients off therapy had an undetectable level of BCR-ABL transcripts after a median follow-up of 7.5 years (range, 4.4--8.4 years).^[@bib23]^ This pilot study provided proof of concept that imatinib discontinuation could be achieved in selected CML patients.

The multicenter stopping imatinib (STIM) study^[@bib24]^ confirmed this approach in a larger cohort of patients. One hundred chronic phase (CP) CML patients on first-line imatinib therapy with identical entry criteria were included prospectively. The main requirement for study entry was consistently undetectable peripheral blood BCR-ABL transcripts for at least 2 years. Molecular relapse, which was arbitrarily defined as two positive quantitative Real-Time PCR (qRT-PCR) results within a month showing a significant rise (1log) in BCR-ABL transcript numbers, triggered the restart of imatinib treatment. An interim analysis yielded promising results with a 12-month molecular relapse-free survival rate of 41%.^[@bib24]^ A recent update of that study confirmed that cumulative incidence of molecular relapses at 65 months was 61% (5%, confidence interval (CI) 52--70) and three cases of late relapse were observed at months 19, 20 and 22, respectively.^[@bib25]^ The probability of a molecular relapse after the first 6 months period is only \~10%. Stopping TKI intake did not harm patients; most patients who experienced molecular relapse did so within 6 months of imatinib cessation and remained responsive to re-treatment with imatinib as observed in the pilot study.

The CML8 (TWISTER) study of the Australasian Leukaemia and Lymphoma Group (ALLG), which used entry criteria very similar to STIM (patients treated on imatinib for more than 2 years and PCR negativity with a sensitivity of 4.5log), confirmed these results.^[@bib26],\ [@bib27],\ [@bib28]^ The median follow-up of the TWISTER Study was 42 months. The estimated proportion of stable TFR was 47.1% at 24 months. Most relapses occurred within 6 months after stopping imatinib, and no relapses beyond 27 months were observed.

A retrospective survey in Japan identified 50 patients who had discontinued imatinib for at least 6 months, 43 of whom were analysed. Molecular recurrence was detected in 19 patients, and the molecular relapse-free survival rate following imatinib discontinuation was estimated to be 47%.^[@bib29]^

Although under close molecular monitoring, it was observed that low levels of residual disease after TKI withdrawal did not automatically indicate CML relapse and did not preclude the possibility of remaining treatment-free. To prove this principle, a French multicentre observational study (according to stop imatinib (A-STIM)) was conducted in 80 patients with CP-CML who had stopped imatinib after sustained CMR of 2 years, using the same definition of CMR as in the STIM study.^[@bib30]^ However, the criteria for stopping were less stringent than in the STIM study, and patients with positive low-level PCR results corresponding to MR^4.5^ were also considered eligible.^[@bib30]^ Molecular relapse was also less stringently defined: loss of major molecular response (MMR, BCR-ABL ⩽0.1% on the international scale (IS)) at any time was chosen for triggering re-treatment. The median follow-up after discontinuation was 31 months (range, 8--92 months). Twenty-nine patients (36%) lost MMR after a median of 4 months off therapy (range, 2--17 months). Cumulative incidence of MMR loss was 35% (95% CI, 25--46%) at 12 months, and 36% at 24 months (95% CI, 24--48%) with a plateau after 24 months. Fluctuation of BCR-ABL transcript levels below the MMR threshold was observed in 31% of patients after imatinib discontinuation. TFR was estimated \~37% at 36 months when the STIM criteria were applied, that is, close to STIM or TWISTER results. The study was also safe as all patients were sensitive to re-treatment. The main conclusion drawn from the study was to use 'loss of MMR\' as the more appropriate trigger for restarting treatment after TKI discontinuation than loss of deep molecular response or CMR.

Most recently, data of the ISAV (Imatinib Suspension and Validation) study were presented.^[@bib31]^ One hundred and twelve patients with at least 2-year imatinib treatment and at least 18 months undetectable transcripts in qRT-PCR were followed for a median of 21.6 months. Cumulative incidence of relapses was 52% after 36 months. Relapse was defined as loss of MMR (two consecutive positive PCRs with one result at least above 0.1%). This is the first study which used digital PCR in parallel with qRT-PCR, which produced more accurate prediction of relapse.

Several trials are ongoing: A STIM2 trial was launched in France in 2011 and is still in progress. This trial has included patients with CP-CML treated initially only with imatinib as a single agent with the same criteria as STIM, that is, sustained deep MR for at least 2 years. The criterion for molecular relapse was also similar. Preliminary results have been communicated on 127 recruited patients with a cumulative molecular relapse incidence of 46% (95% CI 38--56) at 24 months.^[@bib32]^

The largest study to date is the European Stop Kinase Inhibitor (EURO-SKI) trial of the ELN that is currently in progress. This study has recruited more than 800 patients. The EURO-SKI trial has been initiated in 68 centers in 11 countries. The criteria for discontinuation are less strict than in the STIM studies: the duration of TKI treatment before enrollment must be at least 3 years and no PCR-results \>0.01% (corresponding to MR^4^) within the last year before TKI discontinuation is allowed. The deep molecular response of 4logs has to be confirmed in a standardized laboratory by the EUTOS program (European treatment and outcome study for CML). The null hypothesis was that molecular relapse-free survival at 6 months would be ⩽40%. Already the results of the interim analysis of this study have demonstrated that the concept is feasible and practical.^[@bib25]^ To date, out of the first 200 eligible patients with at least 6 months of follow-up, 123 patients have remained without molecular relapse defined as loss of MMR at any one point in time. Thus, the molecular relapse-free survival at 6 months was 61.5%, (95% CI (54.4% 68.3%)), showing that the initial null hypothesis of this trial can be discarded (*P*\<0.0001).^[@bib33]^

So far, only limited experience is available both of second-generation TKIs and of patients who discontinued a second time after molecular relapse in a first treatment-free phase.

To address the feasibility of discontinuing nilotinib or dasatinib, an academic pilot study has begun in France. Preliminary results have been reported showing that among the 52 patients with at least 12 months of follow-up, 25 lost MMR; the probability to be in MMR at 12 months was 59.6% (95% CI 46--73). This study also has included patients with a prior failure to a first-line TKI.^[@bib34]^

Recently, results of the Japanese Dasatinib Discontinuation (DADI) study evaluated TFR after suspension of dasatinib as second-line therapy or beyond were reported. With a median follow-up of 20 months, among 63 patients who attempted TFR, deep molecular response was maintained in 30 patients and 33 patients had molecular relapse; the probability of TFR was 49% and 48% at 6 and 12 months, respectively.^[@bib35]^ All molecular relapses occurred within 7 months of stopping dasatinib therapy, and on treatment re-initiation (dasatinib, *n*=32; nilotinib, *n*=1) all 33 patients with molecular relapse regained deep molecular response within 6 months and the majority (*n*=29) did so within 3 months.

Several other industry-sponsored trials are currently recruiting patients (DASFREE; Bristol-Myers Squibb), or are in follow-up (ENESTPath, ENESTFreedom, ENESTop, ENESTGoal; Novartis).^[@bib36]^ Patients without deep MR on imatinib are switched to nilotinib on enrollment (induction phase). Following nilotinib induction therapy, patients enter the consolidation phase during which they continue nilotinib and are monitored for maintenance of the required MR. In ENESTFreedom and ENESTop, patients who have achieved MR^4.5^ on nilotinib enter the consolidation phase directly on enrollment. In all three studies, the required MR must be maintained through the consolidation phase (with molecular monitoring every 3 months) to be eligible to attempt TFR. Any patient with molecular relapse during the TFR phase must reinitiate therapy. Rates of successful TFR will be evaluated in each study. In DASFREE, a phase 2 study (Dasatinib Functional Cure; CA180-406 study), therapy discontinuation after at least 2 years of dasatinib treatment in patients with CML with stable deep molecular responses is evaluated.^[@bib37]^ DESTINY (De-escalation and stopping treatment of imatinib, nilotinib or dasatinib in CML), is being conducted as an investigator-initiated trial in the United Kingdom.^[@bib38]^ Patients in stable deep MR reduce the TKI dose to half of the standard dose for 12 months. For patients in stable remission at the end of the 12-month period, treatment is stopped. Patients will be followed for 2 years. All these trials use 'loss of MMR\' as an endpoint.

So far, only one trial was published on patients discontinuing TKI treatment a second time. Sixteen patients in second CMR were treated for at least 1 year with imatinib after a first unsuccessful stop.^[@bib39]^ All patients were in MR within a median of 2.5 months (range, 1--8 months) and obtained a second CMR after imatinib reintroduction within a median of 6 months (range: 1--19 months) after this first attempt. Four patients (25%) never lost their MMR and remained free of treatment with a median follow-up of 32 months (range, 15--53 months). Two trials are currently in the planning phase to investigate the concept of a second TKI-stop in patients failing a first cessation attempt, one including nilotinib as therapy before a second stop and the other one dasatinib.

Prognostic factors for successfully stopping TKI in CML
=======================================================

Identifying predictive factors for successful discontinuation of TKI remains a key issue. In addition, a safe approach to stopping TKI treatment a second time must be defined. Several trials described above integrate the analysis of prognostic factors. In some studies, this is done as multivariate analysis and in some as univariate analysis. The problem of all hitherto published trials is the relatively small patient number. Therefore, the prognostic factors discussed in this section must be interpreted with caution and require further confirmation. To date, the prognostic impact of the duration of both prior treatment and prior MR as well as of the individual Sokal score at diagnosis on the chance to maintain TFR have been described.

Treatment duration
------------------

In the STIM study, which uses multivariate analysis and logistic regression at 8 months, imatinib therapy duration has been identified as an independent prognostic factor for prediction of molecular relapse after imatinib cessation. The rate of molecular relapse after discontinuation of imatinib was 53% of patients treated with imatinib for 50 months or more vs 83% of patients treated with imatinib for fewer than 50 months.^[@bib24]^ In the EURO-SKI trial the median value of treatment duration (8 years) for the first 200 patients with at least 6 months of follow-up allows for a significant division of the population. However, the data has yet to be confirmed by multivariate analysis.^[@bib33],\ [@bib40]^

MR duration
-----------

Different TKI discontinuation studies ([Table 1](#tbl1){ref-type="table"}) confirmed and suggested that the duration of response, especially the duration of deep MR before stopping, was important. Takahashi *et al.* reported a significant difference in the estimated molecular relapse-free survival rates at 5 years following discontinuation between patients in whom deep MR was sustained for more than 24 months before imatinib discontinuation and those sustaining a deep MR for \<24 months (78 vs 15%, *P*=0.0002).^[@bib29]^

The validation of this criterion was reinforced using mathematical models confirming a biphasic decline of BCR-ABL transcript levels with a two-slope model of imatinib response: the *α* slope corresponded to the rapid initial decrease in BCR-ABL transcript levels (cycling cells) after the start of treatment, and the *β* slope corresponded to the longer-term BCR-ABL dynamics (less proliferative cells).^[@bib41],\ [@bib42]^ Another model based on the biphasic decline of BCR-ABL transcript levels suggested that 31% of the patients would remain in deep MR after treatment cessation after a fixed period of 2 years in MR^5^, whereas 69% are expected to relapse.^[@bib43]^

Since the identification of patients who would benefit most from discontinuation of imatinib remains a key issue, the question of the duration of molecular response before discontinuation is crucial. One of the problems of most trials published recently is the unknown quality (that is, accuracy and sensitivity) of PCR measurements before study entry. In some studies even PCRs within the trial were not performed according to the IS, for example, in the ISAV trial. In addition, some patients were on imatinib treatment \>15 years but standardization of laboratories has taken place only within the last 10 years.^[@bib44]^ Therefore, the individual duration of MR^4^/MR^4.5^ and even MMR cannot be defined accurately.

Sokal score
-----------

Data from the STIM trial suggest that the probability of remaining in stable MR after discontinuation is more favorable in the low-risk group (according to the Sokal Score) than in the intermediate or high-risk groups. Using multivariate analysis and logistic regression at 8 months, Sokal risk and imatinib therapy duration were confirmed as two independent prognostic factors for prediction of molecular relapse after imatinib cessation. This was confirmed very recently.^[@bib24],\ [@bib25]^ Using univariate analysis, Ross *et al.*^[@bib26]^ in the TWISTER study found that high-risk Sokal score at diagnosis was the strongest predictor of molecular recurrence after stopping treatment. It is of some interest to note that a factor like the Sokal score illustrating the aggressiveness of the disease at diagnosis is still significant.

Safety
------

More than 2000 CML patients have ceased treatment after achieving deep molecular response. So far, all patients who have relapsed remained sensitive to TKI re-treatment and no patient has developed BCR-ABL mutations.

To the best of our knowledge only one case of progression to blast crisis has been reported in a patient who stopped treatment in A-STIM. This patient was retreated with imatinib after molecular relapse and regained molecular response. However, the patient then experienced a lymphoid blast crisis 8.5 months later. The patient was treated with nilotinib and chemotherapy, and then underwent a successful allogeneic stem cell transplantation.^[@bib30]^

Impact of stopping CML therapy on patients
==========================================

Patient-centered
----------------

The life expectancy of CML patients is now very close to that of the healthy population. For this reason, the improvement of patient health and well-being has become the main goal of CML management, a development that could not have been foreseen 10 years ago. Therefore, a primary motivating factor for TFR initiation is the desire and expectation of patients to lead a normal life. For CML patients the QoL must be considered normal or close to normal. Obviously, a reduction in the side effects associated with continuous TKI therapy is a primary consideration. It seems that the QoL in CML patients is lower than that of the normal population especially in younger patients.^[@bib7],\ [@bib45]^ Patient perspectives are a very important and sometimes an overlooked aspect of CML management. A recent survey^[@bib46]^ found that not all patients are willing to stop therapy. The survey also found that, for patients who would consider stopping therapy, the motivation is associated with cost and age.

A physician cannot practice today without having a global awareness of the price of drugs and taking into consideration that reducing economic burden is necessary to treat all patients worldwide. In many places, reduced cost is a motivating factor for TFR initiation. However, as generic versions of imatinib become more widely available, the costs of the increased monitoring for those on TFR may be comparatively more expensive than continued treatment, at least with generic imatinib. An interesting factor is that in many countries comprehensive health insurance means that reducing the cost of treatment is not usually a patient driven consideration, but may be a health payer-driven goal.^[@bib47]^

Side effects of TKI discontinuation
-----------------------------------

Although imatinib and other TKIs can induce side effects in the musculoskeletal system, it has been assumed that such adverse events are reversible on cessation of therapy. However, in the ongoing EURO-SKI trial, some patients reported musculoskeletal pain starting or worsening 1--6 weeks after STIM therapy. This was more specifically investigated in a sub-cohort of the trial where it occurred in 15 out of 50 of patients.^[@bib48]^ The pain was localized to various parts of the body, including the shoulder and hip regions and/or extremities, sometimes resembling polymyalgia rheumatica. Only very minor laboratory abnormalities were noted in association with the musculoskeletal symptoms. Symptoms were mild in most individuals, leading only to use of non-prescription drugs (paracetamol or other non-stereoidal antiinflammatory drugs, non-steroidal anti-inflammatory drugs), but some were more severely afflicted with manifestations interfering with everyday activities and requiring steroid therapy. Over time these symptoms seem to resolve. Rate of molecular relapse in patients with musculoskeletal pain did not differ from those without these symptoms.

Similar observations were made in a cessation trial conducted in Korea where 55 CML patients were requested to fill out a QoL questionnaire and 22% of the patients reported onset of or worsening of musculoskeletal pain after stopping imatinib.^[@bib49]^ Also in the ISAV study mentioned above and in the STIM2 trial, 21% of the patients reported musculoskeletal symptoms compatible with this 'TKI-withdrawal syndrome\'.^[@bib31],\ [@bib50]^

The mechanism underlying the 'TKI-withdrawal syndrome\' is unknown. It is possible that targets of TKIs other than BCR-ABL such as KIT and or PDGFR are involved in this phenomenon.^[@bib51]^ In a small study in Italy, two out of seven patients stopping imatinib reported grade 2 musculoskeletal pain developing 2--3 weeks after TKI cessation; in both of these patients an increased level of PDGFbeta in plasma was found.^[@bib52]^

It seems that this phenomenon is not restricted to imatinib pre-treatment. Physicians should be aware of the possibility of adverse events appearing after stopping long-term TKI therapy and promptly report such symptoms. Further investigations into underlying mechanisms are also warranted.

Why is TKI cessation restricted to a minority of CML patients?
==============================================================

There are two factors that must be taken into consideration in the interpretation of the TFR results: first, the biology of the leukemic stem cells which have been reported resistant to TKI, and, second, the immune control of the disease provided by the results of allogeneic transplantation or indirectly from IFN-alpha treatment era.

Several studies have shown that Ph+ hematopoietic stem cells (CD34+/CD38− cells) are not sensitive to TKIs as these cells are not dependent on BCR-ABL1 for their survival, at least not in short term *in vitro* cultures.^[@bib53],\ [@bib54]^ Based solely on this observation, one would expect relapse in virtually all patients after TKI discontinuation. However, as documented in this review stopping TKI therapy is clinically feasible in \~40--60% of patients with deep molecular response.

A major question in the field has become whether TKI-therapy *in vivo*, as opposed to the *in vitro* findings cited above, over time results in elimination of CML stem cells and, furthermore, whether this is a requirement for long-term TFR after TKI cessation. Two individual studies have shown that, in CML patients treated with imatinib for many years and in whom routine qRT-PCR shows no detectable BCR-ABL, evidence of the disease persists. This was demonstrated either by the existence of Ph+ long-term culture initiating cells (LSCs)^[@bib55]^ or as BCR-ABL expressing sorted CD34+/CD38-negative cells.^[@bib56]^ In addition, using patient-specific genomic PCR analysis, Ross *et al.*^[@bib27]^ demonstrated that BCR-ABL can be detected at the genomic level for many years in patients in TFR.

In summary, these findings indicate that CML stem cells may persist even after prolonged TKI therapy and that elimination of these cells are not necessary in all patients for lasting TFR. It also indicates that low levels of disease in some patients may be controlled by mechanisms not yet fully revealed. However, targeting stem cells is still of major interest in preclinical and clinical research, and potential stem-cell active compounds are under investigation. So far, the transfer into clinical practice is pending.^[@bib57]^

Fluctuating BCR-ABL levels detected by qRT-PCR just below MMR without loss of MMR (and thus without re-treatment) is a common finding in stopping trials, as described, for example, in the previously mentioned A-STIM study.^[@bib30]^ This suggests the importance of the role of immune surveillance for sustained TFR in CML.

During the IFN era, the immune system was identified as an important factor in the response to IFN. Its pleiotropic mechanism of action in CML includes immune activation and specific targeting of CML stem cells,^[@bib58]^ especially by inducing long-term survival of cytotoxic T cells, enhancing natural killer (NK) cell cytotoxic activity and differentiating of dendritic cells.^[@bib59]^

These effects may also be important for the maintenance of TFR after stopping treatment in CML whether or not IFN was within the treatment schedule or IFN was used as a maintenance therapy. Pilot data were positive,^[@bib60]^ but there is strong need to investigate this important question within well-designed trials, for example, the CML V (TIGER) trial which compares the efficacy of nilotinib alone with nilotinib plus IFN-alpha as a first-line therapy.^[@bib61]^ A stopping procedure is integrated in both arms to evaluate the role of IFN alpha in the context of treatment-free remission.

In support of the importance of the immune system for TFR, two independent studies have reported that low NK-cell numbers may predict early disease relapse after TKI discontinuation.^[@bib62],\ [@bib63],\ [@bib64],\ [@bib65]^ These observations suggest that NK-cell-based immune surveillance may contribute to CML control after TKI cessation.

Whether NK-cell number and function may be used among other factors to predict disease relapse after TKI discontinuation needs to be further investigated. In one of the studies, NK cell numbers were significantly different in early relapses (⩽5 months after TKI stop) vs late relapses (\>5 months after TKI stop). Thus, different mechanisms may be involved in return of the disease at different time points. It further remains to be determined if pharmacological use of agent(s) that stimulate NK-cell function can increase the number of CML patients achieving deep molecular response and long-term TFR after TKI cessation.

Recently, Caocci *et al.*^[@bib66]^ reported KIR polymorphisms that could be significantly associated with better results of TFR. They published a cohort of 36 CP-CML patients who discontinued TKI therapy and found using multivariate analysis that TFR was significantly higher in patients homozygous for KIR A/A haplotype vs KIR B/x haplotype (85.7 vs 45.5% *P*=0.029). One of the haplotypes has already been reported to be significantly linked to the TKI response (KIR2DL5B).^[@bib67]^

If molecular recurrence after stopping TKI is due to the persistence of LSCs, we need to understand why quiescent LSCs are insensitive to TKIs. This question has been addressed in a large number of publications focused on targeting LSCs.^[@bib57]^ This strategy is based on the fact that, in comparison to normal stem cells, LSCs exhibit aberrant or non-regulated self-renewal, survival and dormancy. Several strategies have been proposed to target LSCs including inhibiting survival/renewal pathways, sensitizing LSC (cycling or differentiating), immune targeting or modifying the bone marrow niche. JAK/STAT, JAK2 kinase, the protein phosphatase 2A (PP2A), arachidonate 5-lipoxygenase gene (*ALOX5*), histone deacetylases (HDACs), sirtuin 1 (SIRT1) and BCL6 are among the most relevant targets for such a strategy. Two of the most important pathways for self-renewal of CML LSCs are the Wnt/beta-catenin and the Hedgehog pathways.^[@bib57],\ [@bib68]^

A recent study demonstrated that it is possible to induce a kind of erosion of leukemic stem cells using a PPARgamma agonist with a drug currently used for diabetes therapy. The main mechanism is supported by a reduction of STAT5 activity to regulate the pathway that controls quiescence in LSCs, causing the gradual erosion of this cellular pool.^[@bib69]^

Why is TKI discontinuation still experimental?
----------------------------------------------

As summarized in this review, a substantial number of studies on TKI cessation have been published or are ongoing. Limitations of the hitherto published trials are the relatively small patient cohorts, the unproven prognostic factors, the lack of standardized definition of molecular response, especially before study entry but even within studies, as well as the heterogeneous criteria used for stopping treatment and initiating re-treatment after relapse.

Definition of molecular response
--------------------------------

The depth of response is an important factor in the decision to discontinue TKI treatment. The definition of molecular response and the standardization of BCR-ABL transcript measurement remain a concern. The expression of the control gene used is critically important as it determines the sensitivity of the result independent of the BCR-ABL detection assay.^[@bib70]^ For this reason, the CML Working Group of the ELN has recently proposed revised definitions of molecular response that take into account the sensitivity of the molecular test, that is, MR^4^ indicates ⩾4-log reduction (BCR-ABL^IS^ ⩽0.01%), MR^4.5^ indicates ⩾4.5-log reduction (BCR-ABL^IS^ ⩽0.0032%), and MR^5^ indicates ⩾5-log reduction (BCR-ABL^IS^ ⩽0.001%), especially in negative qRT-PCR results.^[@bib15]^ Different European laboratories working in a European molecular network within the EUTOS program have validated this standardization.^[@bib71]^ Consequently, terms like 'CMR\' and 'undetectable minimal residual disease (UMRD)\' should no longer be used, as the sensitivity of the assay is not clearly described. [Table 1](#tbl1){ref-type="table"} describes the different molecular levels and definitions that have been used so far for inclusion in TKI cessation trials in CML.

Current qRT-PCR methods can reliably detect up to a 5-log reduction in BCR-ABL, but newer techniques, such as DNA-based PCR, RNA-based digital PCR and replicated PCR, have demonstrated increased biological and/or technical sensitivity and may enable the assessment of even deeper levels of molecular response.^[@bib72]^ However, it should be noted that, in historic assays low level of BCR-ABL transcripts have been found in the blood of normal individuals.^[@bib73],\ [@bib74]^ These findings were based on a large volume of peripheral blood investigated (400 ml) and have not been confirmed with newer technologies. On the other hand, dormant CML stem cells may persist independent of BCR-ABL and express BCR-ABL transcripts on a low level, which indicate the need for genomic assessment as compared with RNA-based technologies.^[@bib75]^

We still do not know the threshold of residual disease which will allow us to safely stop TKI with the lowest rate of molecular recurrence. In part, we will gain new knowledge from the ongoing studies, but, despite the attempts made in some of the ENEST trials and the CML V trial, the uncertainty of molecular results before study entry is a problem for all trials.

Frequency of monitoring
-----------------------

As shown in several trials, the need for re-initiating therapy is necessary within 6-7 months in \~45--60% of patients. To not miss the time point and to avoid a fast and steep increase in BCR-ABL transcripts, frequent monitoring is strongly recommended. In most of the recent studies, this was done 4-weekly, after 6 months follow-up 6-weekly. If BCR-ABL transcripts are stable, thereafter, 3-monthly monitoring seems to be safe. This procedure has to be individually adopted according to the level of fluctuating transcripts.

Initiating re-treatment
-----------------------

Because many studies on TKI cessation have been launched, the criteria of treatment re-challenge in the different trials must be outlined clearly ([Table 1](#tbl1){ref-type="table"}). In the STIM studies, molecular relapse was defined as positivity of BCR-ABL transcript in qRT-PCR confirmed by a second analysis point indicating the increase of 1log in relation to the first analysis point at two successive assessments, or as loss of MMR at one point. This definition led to the proposal of the term 'molecular recurrence\' in place of 'molecular relapse\'.^[@bib76]^ In the TWISTER study, molecular relapse was defined as two consecutive positive samples at any value or loss of MMR. The results of STIM and TWISTER studies are very similar and comparable.^[@bib24],\ [@bib26]^ The definition used in A-STIM was different from that used in the STIM study. Molecular relapse was less stringently defined than in STIM as loss of MMR at any time was chosen for triggering re-treatment. It was the A-STIM trial that established loss of MMR as a trigger for restarting TKI therapy in CP-CML patients who have stopped imatinib after achieving durable molecular response. It is precisely this criterion that was chosen in EURO-SKI and other ongoing studies to define molecular relapse.

What can be done to raise patient numbers for stopping attempts?
----------------------------------------------------------------

An important step in increasing the number of candidates for TKI discontinuation is to increase the percentage of patients in durable deep MR (MR^4^, MR^4.5^ or deeper) to be eligible for stopping trials.

Using the criteria of the STIM and TWISTER studies, it should be possible to predict which patients are ideal for discontinuation of TKIs. Recently, Branford *et al.* found in a study of 415 patients treated with imatinib for 8 years that the cumulative rate of stable MR^4.5^ (for at least 2 years) was 43%. In these patients, the time to achieve MMR was correlated with the time to achieve stable MR^4.5^.^[@bib28]^ In addition, the only two independent factors, that is, female sex and a low level of BCR-ABL value at 3 months, were strongly statistically linked to the prediction of sustained MR^4.5^. Factors associated with sustained MR^4.5^ and undetectable transcripts induced by TKI (imatinib, dasatinib and nilotinib) were also analyzed in a multivariate analysis (*N*= 495) by Falchi *et al.*,^[@bib77]^ and showed that older age, higher baseline hemoglobin, higher baseline platelets, TKI modality and response at 3 months were significant. A larger cohort of patients would be necessary to validate and refine this analysis. The German CML Study IV provides this cohort. In more than 1500 patients, the cumulative incidence of confirmed MR^4.5^ was 54% after 9 years.^[@bib3]^ The number of patients at this time point is probably lower as cumulative incidence usually overestimates total amounts. The goal of CML IV has been to demonstrate the link between MR^4.5^ achievement and better survival. But identification of specific predictive factors of TFR must be deferred until the final analysis of ongoing trials has been carried out.

How best to increase the proportion of patients eligible for stopping approach?
-------------------------------------------------------------------------------

If stopping CML treatment will be recommended in a well-defined patient population, the next step will be to think about how to increase patient numbers fulfilling these definitions. In this context, many factors have to be considered which are beyond this review, for example, optimizing first-line therapy, switching patients in MMR to other drugs to gain deeper MR. With the initial use of second-generation TKIs faster and deeper MR is achievable.^[@bib78],\ [@bib79],\ [@bib80]^ The specific impact on TFR should be validated and current first-line treatment strategies should be critically assessed.^[@bib81]^ Further, the addition of other drugs, for example, IFN or stem cell active drugs, may also increase the proportion of candidates for cessation attempts.

Pregnancy and children
----------------------

In this review, the specific situation of pregnancy has not been discussed. Depending on the individual situation of pregnant patients a variety of strategies should be considered. A detailed review on management of pregnancies in CML was published recently.^[@bib82]^ If possible, we recommend that female patients at least fulfill criteria of stopping trials before conception. In addition, monitoring procedures should be adapted accordingly and eventually individually changed.

So far, no data for stopping treatment in children are published. It has been recommended to abstain from such an approach in children since the disease seems to be more aggressive.^[@bib83]^

Recommendations for clinical practice 2016
==========================================

At present, definitive recommendations cannot be given. A primary reason for this is the discrepancy of definitions for stopping and re-initiating treatment in hitherto published studies. Nevertheless, despite the lack of consensus on the pre-requisite of molecular response and on the importance of the speed of achieving a deep response, we are able to formulate a few recommendations or rules for stopping treatment ([Table 2](#tbl2){ref-type="table"}). First of all, we strongly recommend the inclusion of patients in clinical trials whenever possible. Only patients in chronic phase with no history of failure according to ELN criteria should be considered for stopping. It is necessary to identify the type of BCR-ABL transcript at diagnosis to avoid false-negative PCR results during follow-up. Achievement of a deep molecular response, at the least MR^4^, before stop is mandatory. This MR^4^ has to be maintained or sustained for some time. For instance, the pre-requisite of an MR^4^ or lower response for 2 years seems reasonable as it suggests that treating patients for several years induces a kind of exhaustion of the disease. Patients must receive follow-up in a center where standardized molecular biology is performed using IS according to what has been agreed upon and published.^[@bib16],\ [@bib84]^

Conclusions
===========

CML is more than ever the model of targeted therapy for human malignancies. The success of imatinib and second-generation TKIs has dramatically changed the outcome for CML patients. As TKI-treated CML patients have a near-normal life expectancy, two important issues have emerged that demand our consideration: (i) QoL and ethical aspects of the treatment and (ii) the economic impact of treating patients over the course of a normal lifespan.

One of the best ways to approach these two points is to consider the discontinuation of TKI in well-responding patients. Such a strategy has been proposed in several recent studies, and around the world more than 2000 patients have officially stopped TKI in clinical trials. However, many questions about depth of MR, duration of treatment, predictive factors and safety remain open, and are topics of continuing discussion.

The current ambition in CML treatment strategy is to develop a definition of TKI discontinuation in CML patients with a view to its implementation as a standard treatment protocol in clinical practice. Well-defined prognostic factors, standardized molecular monitoring and further characterization of successful treatment stop with the help of well-designed scientific studies in clinical trials are necessary for identifying those patients on whom the TKI discontinuation procedure may be safely applied.

Trials are needed that will enable identification of patients who possibly have been cured of their disease by a long course of TKI treatment. Mechanisms responsible for maintenance of deep MR off TKI treatment must be unraveled. In turn, this will pave the way for new therapeutic strategies that will eventually lead to high cure rates in CML. Furthermore, such studies should (1) address optimized treatments, (2) identify prognostic markers to better predict response behavior of CML patients with regard to persistence of MR after TKI discontinuation and (3) compare QoL before and after TKI discontinuation.

In conclusion, the impact of stopping strategies in CML will be enormous for patients, health care systems and society at large. Studies are needed which will guide physicians in determining when it is safe and most promising to stop TKI therapy in CML patients. This will have a large economic impact on CML treatment. With the increasing prevalence of CML patients and the high costs of TKI treatment per year, stopping treatment in CML will result in a considerable and durable reduction of treatment costs worldwide. The important question of how to increase the proportion of patients is being addressed by treatment optimization studies.

We expect that this new treatment strategy will have a major impact on the understanding of the determinants involved in the cure of CML.

SS received honoraria from Novartis, Bristol-Myers Squibb (BMS), Pfizer, ARIAD and research funding from Novartis and BMS; JR research support and/or honoraria by Novartis, BMS, Pfizer and Ariad; AH research support and honoraria by Novartis, BMS, Pfizer and Ariad, and FXM research support and/or honoraria by Novartis, BMS, Pfizer and Ariad.

###### Clinical studies of TKI discontinuation in patients with CML in chronic phase

  *Study*                                                        *Number*                         *Treatment before discontinuation*                                         *Response required for discontinuation*                                             *Definition of relapse*                                       *TFR% (median follow-up time)*
  -------------------------------------------------------------- ---------------------- ------------------------------------------------------- -------------------------------------------------------------------------------------------------- --------------------------------------------------- ------------------------------------------------------------------------------
  *Trials of imatinib discontinuation*                                                                                                                                                                                                                                                                 
   STIM1^[@bib24],\ [@bib25]^                                    100                                IFN then imatinib for ⩾3 years                                                       CMR for ⩾2 years                                               Loss of MMR or ⩾1-log increase in BCR-ABL                                     39% (55 months)
   STIM2^[@bib32]^                                               200                                     Imatinib for ⩾3 years                                                             As for STIM                                                  Loss of MMR or ⩾1-log increase in BCR-ABL                    Preliminary results 46% (95% CI 38--56) at 2 years
   ALLG CML8^[@bib26],\ [@bib27]^                                40                                      Imatinib for ⩾3 years                                                            UMRD ⩾2 years                                                 Loss of MMR or confirmed loss of MR^4.5^                                      45% (42 months)
   According to STIM^[@bib30]^                                   80                                      Imatinib for ⩾3 years                   As for STIM; confirmed CMR with occasional weakly positive samples were also considered eligible                      Loss of MMR                                                    64% (23 months)
   EURO-SKI^[@bib33],\ [@bib40]^                                 809                               Imatinib, nilotinib and dasatinib                                            MR4 for ⩾1 year; TKI for ⩾3 years                                                      Loss of MMR                      Preliminary results 61% (95% CI 54--68) at 6 months. Trial still in progress
   ISAV^[@bib31]^                                                112                                           Imatinib                                                             Undetectable PCR (3 PCRs)                                                          Loss of MMR                                        51.9% at 36 months (median FU 21 months)
   DESTINY^[@bib38]^                                             168                               Imatinib, nilotinib or dasatinib                               MR4 and stable response under half standard dose for 12 months                                       Loss of MMR                                                      In progress
                                                                                                                                                                                                                                                                                                       
  *Trials of nilotinib/dasatinib discontinuation*                                                                                                                                                                                                                                                      
   STOP 2G-TKI pilot^[@bib34]^                                   50                                     Nilotinib or dasatinib                                               CMR for median 29 months (range 21--39)                                                   Loss of MMR                              Preliminary 61.1% (95% CI 45.6--76.6) but still in progress
   ENESTFreedom^[@bib36]^                                        175                                     Nilotinib front line                                                           MR4.5 for ⩾1 year                                                              Loss of MMR                                                      In progress
   ENESTop^[@bib36]^                                             117                     Second-line nilotinib (⩾3 years total; ⩾2 years NIL)                                           MR4.5 for ⩾1 year                                               Confirmed loss of MR4 or any loss of MMR                                        In progress
   ENESTPath^[@bib36]^                                           1058                              Imatinib (⩾2 years) and nilotinib                                    MR4.5 for ⩾1 year vs MR4.5 for ⩾2 years randomized                              Confirmed loss of MR4 or any loss of MMR                                        In progress
   ENESTGoal^[@bib36]^                                           300                     Imatinib (⩾1 years) without MMR followed by nilotinib                                          MR4.5 for ⩾1 year                                               Confirmed loss of MR4 or any loss of MMR                                        In progress
   DADI trial (dasatinib discontinuation)^[@bib35]^              88 (63 discontinued)       Dasatinib consolidation for 1 year within trial                                Deep molecular response, definition unclear                              loss of deep molecular response at any assessment                         49% (95% CI 36--61) at 6 months
   DASFREE^[@bib37]^ dasatinib functional cure CA180-406 Study   \~74                                \>2 years dasatinib treatment                                                      MR4.5 for ⩾1 year                                                              Loss of MMR                                                      In progress
   CML V (TIGER)^[@bib61]^ nilotinib+/− PEG-IFN                  650                      Nilotinib (3 years) vs Nilotinib+PEG-IFN (2 years)                                  MR4 for \>1 year+ PEG-IFN maintenance                                                    Loss of MMR                                                      in progress

Abbreviations: ALLG, Australasian Leukemia & Lymphoma Group; CI, confidence interval; CML, chronic myeloid leukemia; CMR, complete molecular response; Destiny, De-escalation and stopping treatment of imatinib, nilotinib or dasatinib in CML; ENEST, nilotinib treatment-fee remission studies; EURO-SKI, Europe stops tyrosine kinase inhibitor trial; 2G-TKI, second-generation TKIs; IFN, interferon; MMR, major molecular response; MR^4^, MR^4.5^ molecular response level corresponding to a 4 or 4.5log reduction from the standardized baseline, respectively; PEG, polyethylene glycol; STIM, stop imatinib trial; TFR, treatment-free remission; TKI, tyrosine kinase inhibitor; UMRD, undetectable minimal residual disease.

###### Features of CML and TKI therapy that guide attempts to stop therapy

  *Feature*                                                                                                                                                                       *Comment*
  -------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Chronic phase disease                                                                                                          Patients with history of advanced phase disease or failure to TKI treatment have a higher risk of relapse.
  Transcript type                                                                                            Only patients with known typical BCR-ABL transcript type at diagnosis should be considered for stopping to secure appropriate follow-up monitoring.
  Sokal score                                                                                                                          Patients with high Sokal score seem to have a lower chance to maintain response after stopping.
  Line of treatment                                                                                                Patients on first-line TKI therapy and those on second line due to intolerance to first line may be considered for a cessation attempt.
  Duration of TKI therapy before stop                                   Preliminary data suggest a favorable impact of a longer duration of therapy, but exact numbers are pending. Ongoing studies like EURO-SKI will determine optimal duration of therapy before a stop attempt may be considered.
  Level of MR before stop                                                                        Exact level still unknown. Data suggest a minimum of MR^4^. Ongoing studies like EURO-SKI will determine level and duration of MR before a stop attempt may be considered.
  Duration of deep MR before stop                                                           Longer duration seems to be favorable, but exact numbers are pending. Ongoing studies like EURO-SKI will determine level and duration of MR before a stop attempt may be considered.
  Molecular monitoring                                                                       The PCR-monitoring schedule used in EURO-SKI, 4-weekly for 6 months, every 6 weeks months 7--12 and then every 3 months appears to be safe and practical considering current data.
  Role of maintenance therapy with IFN after TKI stop                                                                                               Exact role has not been defined yet. Prospective trials are ongoing.
  Definition of molecular relapse and trigger for restart of therapy                                                        Loss of MMR at one point as used in A-STIM and EURO-SKI seems to be safe and practical considering current evidence.

Abbreviations: A-STIM, according to stop imatinib; CML, chronic myeloid leukemia; EURO-SKI, Europe stops tyrosine kinase inhibitor trial; IFN, interferon; MMR, major molecular response; MR^4^, MR^4.5^ molecular response level corresponding to a 4 or 4.5log reduction from the standardized baseline, respectively; PEG, polyethylene glycol; TKI, tyrosine kinase inhibitor.
